The deformation behavior near room temperature in Zn-22 mass%Al alloy including nanocrystalline structure produced with Thermo Mechanical Controlling Process (TMCP) technology has been characterized over a wide range of strain rates from 10 −6 to 10 −1 s −1 at temperatures from 273 to 473 K. The microstructure of TMCP produced Zn-22 mass%Al alloy had both a random distribution of equiaxed Al-rich and Zn-rich phases with grain size of 1.3 µm and many nanocrystalline Zn particles in Al-rich phases. Since the flow stress in the deformation near room temperature was much larger than that in superplastic deformation and a maximum m value is only 0.3 (n = 3) at low strain rates below 10 −5 s −1 , the pure superplastic behavior may not be observed near room temperature. However it is noted that the large elongation of ∼ 200% was observed at 10 −5 s −1 . From microstructural observations of the specimens tested in the condition with the m value of 0.3 near room temperature, furthermore, it is considered that grain boundary sliding (GBS) is the dominant deformation process, and the specimen may be fractured by cavitation as well as the conventional superplastic materials. Therefore, it seems that the various factors contribute to the deformation flow at room temperature.
Introduction
Nanocrystalline materials are characterized by a grain size in the range of about 1-100 nm. 1) These materials, which exhibit unique microstructures featuring large grain-boundary volumes, offer interesting possibilities by virtue of their physical, electrical, chemical, magnetic and deformation properties in the ultra-fine grain size range. These characteristics have led to many academically or industrially focused investigations of nanocrystalline materials.
Superplastic behavior refers to the ability of a crystalline material to exhibit large strains when pulled in tension.
2) Generally, it is well known that superplastic characteristics are exhibited in materials that have stable, equiaxed and very fine microstructures, but only under a particular range of strain rates and at temperatures of 0.5T m , where T m is the melting point of a particular material.
3) Therefore, the production of nanocrystalline materials with stable and equiaxed grains has been an important goal in order to obtain superplastic behavior. It was pointed out that ultra-fine grain sizes might be achieved in materials produced by a combination of powder metallurgy and/or advanced processing methods; for example, mechanical alloying, 4) crystallization from amorphous powder or consolidation from nanocrystalline powder, 5, 6) physical vapor deposition and composite techniques. Recently, the possibility of superplasticity in nanocrystalline materials by means of severe plastic deformation (SePD), 7) such as torsion straining [8] [9] [10] [11] and equal channel-angular extrusion [12] [13] [14] as well as accumulative roll-bonding, 15) has been discussed. Nanocrystalline materials have been discovered to exhibit low-temperature superplasticity (LTS), while others have exhibited high-strain-rate superplasticity (HSRS). * Graduate Student, Osaka Prefecture University.
Especially, Zn-Al eutectoid alloy is one of the famous superplastic materials and has a low melting temperature. It has been reported that an ultrafine-grained Zn-Al system alloy exhibited significant elongation at room temperature. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Very recently, in order to produce large and bulky materials to serve as damping substances in buildings, Makii et al. 26) developed a new technique using thermomechanical controlling process (TMCP) technology, and reported that the material had Zn particles 50 nm in diameter and exhibited large uniform elongation even at room temperature. Though SePD processes are efficient for obtaining equiaxed and ultrafinegrained materials, the techniques are not suitable to produce materials large enough for service as seismic dampers. It is expected that TMCP technology has the potential to be used to mass-produce nanocrystalline material at high commercial worth.
The optimal tensile conditions at room temperature of ZnAl eutectoid alloys obtained by various processes are shown in Table 1 . As the table demonstrates, the material produced by means of TMCP technology exhibited the highest elongation value and the lowest flow stress of all. Therefore, the mechanical properties of this material are of great interest to investigators. In the present study, tensile tests were carried out in a wide range of strain rates and temperatures, and the tensile deformation behavior of this material was characterized.
Experimental Procedures
The material used in the present study was Zn-22 mass%Al alloy produced by Kobe Steel Ltd. Its chemical composition is shown in Table 2 . At first, large ingots were prepared using a 500 kg electric furnace in air. Each ingot of 500 kg molten metal was then cast into three ingots of about 150 kg each. A final rolling was performed using TMCP technology. Tensile samples of 18 mm gauge length and 6 mm diameter were machined from these rolled ingots, with the gauge length parallel to the rolling direction. Tensile tests were carried out at temperatures between 273 (0.41T m ) and 473 K (0.72T m ) with a wide range of strain rates, from 10 −6 to 10 −1 s −1 , in air. Microstructures of the samples were examined using transmission electron microscopy (TEM). After small disks with a diameter of 3 mm were punched out, the samples were polished to a thickness of ∼ 150-180 µm. A twin-jet electropolishing unit was then used with a solution of 10%HClO 4 , 20%C 3 H 8 O 3 and 70%C 2 H 5 OH. The samples were thinned at 273 K until perforation.
13)

Results and Discussion
Microstructures
A typical microstructure of this alloy is shown in Fig. 1 . The grain size d was estimated using the equation d = 1.74L: L is the linear intercept length. The bright and dark grains correspond to the Al-rich and the Zn-rich phases, respectively. From Fig. 1(a) , it was basically found that the grain size of equiaxed Al-rich and Zn-rich phases was about 1.3 µm. In addition, Fig. 1(b) shows that many Zn particles were locally observed in Al-rich phases and had grains of less than 100 nm in diameter. More than 80% of the Zn nanocrystalline particles were distributed in the Al-rich phase. These particles were spread uniformly across almost all regions of the Al- rich phase. The microstructural features were a little different from those reported previously; the material used in the present study was very unique. 8, 27, 28) Therefore, it is necessary to investigate the effects of these features on the deformation behavior of nanocrystalline Zn particles.
Stress-strain behavior
Figures 2-4 show typical true stress-true strain curves at constant true strain rates from 10 −5 to 10 −1 s −1 . The testing temperatures ranged from 273 to 373 K. The flow stress, at a fixed true strain of 0.1, was determined from each sample tested at a given temperature and strain rate. It was found that the flow stress was high due to the deformation near room temperature and also was very sensitive to the strain rate and temperature. Typical superplastic materials exhibit a classi- cal, well-behaved flat stress-strain curve, i.e., the flow stress remains almost constant during superplastic flow. From Fig. 2 and Fig. 3 , the curves at 288 K and 303 K exhibited strain softening at the strain rates above 10 −4 s −1 . At the strain rate of 10 −5 s −1 , however, the curves did not exhibit strain softening, but a steady state flow and a very slight strain hardening in a manner similar to conventional superplastic alloy. From Fig. 4 (T = 373 K) , we see strain softening at strain rates above 10 −3 s −1 and strain hardening at strain rates below 10 −4 s −1 , as was seen in Figs. 2 and 3 . It is considered that the deformation mechanism at the higher strain rates is different from that at the lower strain rates.
The maximum elongation at each temperature was obtained at 10 −5 s −1 . A macroscopic view of specimens deformed to failure at this strain rate, in comparison with an undeformed specimen, is shown in Fig. 5 . It is clear that the deformed specimens exhibit significant elongation, albeit at room temperature. It was reported that Zn-22Al alloy had macroscopically three distinct and identifiable types of fracture: failure by quasistable plastic flow (true superplasticity), [n]ecking (intrinsic plastic failure) and quasibrittle failure. 35) In the present study, it is considered that the fracture re- sulted from necking, since necking in specimens is visible in Fig. 5 . It is considered that the tensile test at low temperature caused a sharp or localized neck, and that the catastrophic failure resulted from the confinement of the deformation to the necked region exclusively. However, the part deformed by quasistable plastic flow was also observed, and it was found that the failure resulting from quasistable plastic flow tended to be dominant when the testing temperature increased above that shown in Fig. 5 .
Strain rate dependence of flow stress and elongation
The variation in flow stress as a function of strain rate at four different testing temperatures, 288, 303, 333 and 373 K, is shown in Fig. 6(a) . The strain rate sensitivity exponent, m, is the slope of this curve (d ln σ/d lnε). It is apparent from Fig. 5(a) that, at each temperature, the flow curve could be divided into two regions, i.e., the m-value exhibited about 0.3 (n = 3) and above 0.2 (n ≥ 5). It has been reported that the m-value of Zn-22%Al alloys at elevated temperature exhibited 0.5 (n = 2) in the intermediate strain rate regime and from 0.25 to 0.2 (n = 4-5) in the high strain rate regime. [27] [28] [29] [30] [31] [32] [33] [34] The grain boundary sliding (GBS) could be expected to occur with an m-value of 0.5. On the other hand, dislocation climb and glide controlled by climb could be expected to occur with an m-value of 0.25 to 0.2. Moreover, in the previous investigation the tensile test at room temperature was carried out only in the regime with an m-value of 0.2 at a strain rate above 10 −5 s −1 . 12, 17, 18, [22] [23] [24] In the present study, it was found that the m-value increased from 0.2 to 0.3 at room temperature. Although the strain-rate sensitivity parameter obtained in the high strain rate regime was approximately equal to that obtained from the previous experimental results, that in the intermediate strain rate regime was lower. Therefore, the deformation mechanism of this material near room temperature may be different from the reported superplastic behavior at elevated temperature. Figure 5 (b) shows the variation in the elongation-to-failure, e f , at each temperature as a function of the strain rate. In general, it is known that elongation is large when the m-value is high. Therefore, it is expected that the elongation obtained at a low strain rate (m = 0.3) is larger than that obtained at a high strain rate (m ≤ 0.2). From Fig. 5(b) , elongation of greater than 200% can be seen at each temperature, in the region where the m-value was 0.3. In another region, where the m-value was below 0.2, the elongation was smaller as the strain rate increased. A maximum value of 200% elongation at room temperature was also obtained at a strain rate of 10 −5 s −1 , and the value of elongation tended to increase as the strain rate decreased. Considering that the test was conducted near room temperature, it was apparent that the elongation value was very large. Therefore, it is apparent that the greater the stability in deformation, brought about by a higher m-value, the larger the elongation in the sample.
Microstructures of deformed specimens
In the prior section, a regime was found with an m-value of 0.3 at a lower strain rate and below 373 K. It is necessary to investigate the deformation mechanism in this regime. Therefore, microstructural observations were performed for specimens deformed at the particular conditions that exhibit respective m-values of 0.2, 0.3 and 0.5. The surface appearance of each specimen is shown in Fig. 7 : (a), (b) and (c) are of the regimes where the m-values exhibited were 0.2, 0.3 and 0.5, respectively. It is accepted that GBS is the dominant deformation process for high-temperature superplasticity.
2) In Fig.  7(a) , GBS was not observed on the surface of the deformed specimens. On the other hand, the surface of the specimen in Fig. 7(b) , with an m-value of 0.3, was strikingly similar to that of Fig. 7(c) , in which the superplastic behavior was obtained and the evidence of GBS was observed.
The fracture surfaces of three specimens, each deformed at one of three different conditions, is shown in Fig. 8 : where (a), (b) and (c) are of the regimes where the m-values exhibited 0.2, 0.3 and 0.5, respectively. It is apparent that the fracture surface shown in Fig. 8(a) is different from that shown in Fig. 8(b) and (c). In Fig. 8(a) , since dimples were observed, it is considered that the specimen is a ductile failure occurring by the growth and coalescence of microvoids aris-ing from a preexisting defect or impurity. In Fig. 8(b) and (c) , many ledges of about 1.3 µm are observed, and there is no evidence of grain tearing or dimpling. Therefore, these specimens were intergranular fractures, which are typical for the superplastic deformation. From microstructural observations of the specimens tested in the condition with the m-value of 0.3 near room temperature, it is considered that GBS is the dominant deformation process, and that the specimen may be fractured by cavitation, as is possible with the conventional superplastic materials.
Normalization of the present results
In order to compare the present results with the previous, the variation in (ε/D gb ) (kT/Gb) as a function of σ/G is plotted in Fig. 9 . The figure also includes three reported constitutive equations: superplasticity (grain boundary sliding accommodated by dislocation climb into boundaries), 27) viscous glide (dislocation climb and glide controlled by glide) 29) and climb (dislocation climb and glide controlled by climb). 34) It was found that the data at 423 and 473 K agreed well with the previously reported trend. When the test was carried out below 373 K, however, a slope of 3 was obtained in the regime below σ/G of about 2 × 10 −3 , and it deviated from the line with a slope of 2. Also, it was found that the slope was different from the reported line of viscous glide that exhibits the value of 3. 29) From the microstructural observations in the prior section, it is considered that the deformation mode with the m-value of 0.3 is similar to the superplastic deformation. The low strain rate sensitivity may therefore be explained by the contribution of the many Zn particles (as observed by TEM) to the plastic flow. It is also possible that some ad- flow stress to increase near room temperature. Furthermore, it is considered that the factors depend on the testing temperature, since only low temperatures, not high ones, contribute to the deformation flow.
Summary
The deformation behavior near the room temperature was investigated in Zn-22 mass%Al alloy by means of the TMCP technology. The following results were obtained.
(1) The microstructure in this alloy had equiaxed Al and Zn rich phases with grain size of 1.3 µm, many Zn particles were locally observed in Al-rich phases and had grains of less than 100 nm in diameter.
(2) The maximum elongation value of 200% albeit at room temperature was obtained at a strain rate of 10 −5 s −1 . (3) Two regions with different m-value were observed. One was about 0.3 (n = 3) at lower strain rate, and the other was below 0.2 (n ≥ 5) at higher strain rate at each temperature. This was different from the previous reported true superplastic deformation behavior, because of high flow stress and low m-value.
(4) Evidence of grain boundary sliding and intergranular fracture were observed in the regime that has the m-value of 0.3. Microstructural evidence indicated that the dominant deformation mechanism was grain boundary sliding.
